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ABSTRACT 


A  simplified  first-crder  theory  of  radome  boresight  error  is 
derived  and  applied  to  prediction  and  design  problems.  Reasonable 
predictive  results  are  obtained  for  radom.es  with  known  boresight 
error. 


The  dependence  of  boresight  error  on  the  derivatives  of  IPD  and 
|t|  with  respect  to  incidence  angle  is  shown  and  the  significance  of 
polarization  in  light  of  the  theory  is  discussed.  Polarization  control 
is  shown  to  reduce  boresight  error  when  used  with  an  appropriate 
radome  wall  design. 

The  possibility  of  a  "cancellation"  design  for  a  radome,  wherein 
the  errors  due  to  phase  tapering  and  to  differential  attenuation  tend  to 
cancel  each  other  is  pointed  out.  The  concept  of  artificially  introduced 
loss  to  achieve  such  cancellation  is  discussed.  A  design  example  is 
included, 

Radome  design  curves  giving  [  T |  ,  IPD,  d/d0(IPD),  andd/de|Tj 
for  several  important  radome  wall  structures  are  also  included. 
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A  FIRST  ORDER  APPROACH  TO  RADOME 
BORESIGKT  ANALYSIS  AND  DESIGN 


L  INTRODUCTION 

A  protective  radome  is  usually  necessary  to  shield  track  and 
guidance  radars  from  the  elements.  The  radome,  however,  introduces 
phase  and  amplitude  perturbations  to  the  antenna  fields  which  act  to 
reduce  the  radar's  accuracy  and  range. 

For  most  practical  radome  wall  structures,  the  incidence  angle 
is  less  than  80°.  A  significant  improvement  in  the  power  transmission 
coefficient,  and  hence  the  range,  could  be  realized  if  one  were  able 
to  maintain  parallel  polarization  incident  on  the  radome  for  all  antenna 
positions.  Investigation  of  the  possibility  that  polarization  control 
might  provide  similar  improvement  in  boresight  error  is  the  main 
topic  of  this  report. 

As  a  basis  for  determining  polarization  effects,  a  first-order 
theory  of  in-plane  boresight  error  of  a  two  dimensional  radome  is 
developed.  The  first-order  boresight  theory  presented  here  has  the 
advantage  of  being  simpler  than  most  previous  approaches.  More¬ 
over,  it  focuses  attention  on  the  principal  boresight  error  parameters. 

Design  curves  for  several  practical  radome  wall  structures  are 
included.  Application  of  these  curves  to  radome  boresight  analysis 
and  design  is  discussed.  Conclusions  regarding  polarization  effects 
on  boresight  error  are  drawn.  The  design  curves  depart  from  other 
work  on  plane-wave,  plane- sheet  transmission8  1  by  inclusion  of  the 
calculated  derivatives  of  both  the  transmission  coefficient  and  IPD, 
in  addition  to  the  usual  data  on  |  T  | 2  and  IPD. 

Justification  of  the  first-order  boresight  theory  is  provided  by 
comparing  predicted  boresight  error  with  the  experimentally  measured 
boresight  error  of  two  radomes.  The  comparison  is  reasonable  and  it 
is  concluded  that  guidelines  drawn  from  the  theory  and  the  design  curves 
are  valid. 

II.  FIRST-ORDER  THEORY  OF  TRACK  RADAR 

BORESIGHT  ERRORS 

The  function  of  a  track  radar  is  to  provide  accurate  target  position 
information  to  a  weapons  system.  At  the  present  time  the  most  accurate 
track  information  is  obtained  by  positioning  the  radar  antenna  so  that  the 
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target  is  located  in  a  sharp,  well-defined  null,  the  angular  position  of 
which  is  accurately  known.  There  are  two  distinct  kinds  of  null-type 
tracking  radars,  i.  e, ,  amplitude  comparison  radars  and  phase  com¬ 
parison  radars.  The  principles  of  operation  and  the  first-order  bore- 
sight  theories  of  each  are  discussed  separately, 

A,  Amplitude  Comparison  Radars 


1.  Theory  of  operation 

Amplitude  comparison  radars  utilize  two  squinted  beams  in  each 
of  two  {usually  orthogonal)  planes.  The  target  responses  of  the  two 
beams  in  a  given  plane  are  compared  and  the  antenna  pointed  such  that 
the  target  is  maintained  at  the  crossover  point,  the  angle  at  which  the 
beam  responses  are  equal.  The  apparent  boresight  direction  is  that 
of  the  crossover  point;  the  deviation  of  the  apparent  boresight  direction 
from  the  true  pointing  direction  of  the  antenna  is  called  the  boresight 
error. 


In  amplitude  monopulse  radars  the  steering  information  is  ob¬ 
tained  trom  the  monopulse  ratio 


(1) 


r(4>)  = 


Fi  (<j>)  -  Fz(<t>) 
Fi(<{>)  +  Fz(<j>) 
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where  F*  (<j>)  and  Fz(<}))  ..re  the  patterns  of  the  individual  beams,  A  method 
for  obtaining  the  sum  and  the  differences  of  the  beam  responses  is  shown 
in  Fig.  1. 


Fig.  1.  Sum  and  difference  network  for  amplitude  monopulse. 
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The  phase  centers  of  the  two  antenna  beams  are  assumed  coincident 
for  mcnopulse,  and  the  two  patterns  are  assumed  identical  without  a 
radome.  The  effects  of  non- coincidence  of  the  phase  centers  and  of  a 
constant  phase  difference  between  the  two  beams  (at  a  given  frequency) 
are  to  fill  in  the  null  of  r{4>)  and  thus  degrade  the  monopulse  system  per¬ 
formance*  However,  the  location  of  the  minimum  of  rf^)  is  not  per¬ 
turbed  and  thus  the  boresight  direction  is  not  affected  by  the  above  errors. 

In  multipulse  amplitude  comparison  radars,  such  as  conical  scan 
and  sequential  lobing  radars,  the  steering  information  is  obtained  by 
some  direct  comparison  of  the  amplitude  responses  of  the  wo  squinted 
beams  in  a  particular  plane.  Thus,  non-coincidence  of  the  beam  phase 
centers  or  phase  differences  between  the  beams  does  not  affect  the  per¬ 
formance. 

The  boresight  error  of  interest  here  is  the  deviation  of  crossover 
from  the  true  pointing  direction.  The  boresight  error  analysis  of  both 
monopulse  and  multipulse  amplitude  comparison  radomes  is  thus  the 
same. 


2.  Amplitude  comparison  boresight  error 

The  crossover  point  can  be  shifted  by  two  effects.  First,  there 
is  a  beam-bending  error  caused  by  a  tilted  phase  front.  This  effect 
shifts  the  entire  two-beam  pattern.  Second,  there  is  a  differential 
attenuation  error  which  simply  changes  the  angle  at  which  one  beam's 
response  equals  that  of  the  other.  The  total  boresight  error  is  the 
algebraic  sum  of  the  preceding  two  errors;  both  are  discussed  in  detail 
below. 

a.  Beam-bending  boresight  error 

If  an  aperture  with  uniform  phase  is  used  with  a  radome  which  has 
nonuniform  insertion  phase  delay,  the  aperture's  beam  will  be  bent;  i.  e. , 
it  will  no  longer  be  directed  normal  to  the  aperture  face.  If,  for  example, 
a  beam  is  directed  through  a  radome  with  continuous  variation  of  incidence 
angle  of  the  rays  from  the  aperture,  the  transmitted  phase  across  the 
aperture  can  be  expanded  in  a  Taylor  series  in  powers  of  the  increment 
in  incidence  angle  from  the  center  of  the  aperture  to  either  side.  Figure 
2  shows  the  geometry  of  the  two-dimensional  aperture  and  radome  wall 
which  are  the  bases  for  the  boresight  criteria  developed.  At  any  point 
outside  the  radome  we  can  therefore  write  the  new  aperture  phase  as 
follows; 
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RADOME  SECTION 


^APERTURE  Ql 


NEW  BEAM 

yr  direction 

_  ORIGINAL  BEAM 
DIRECTION 

LINEAR  PART  OF 
PERTURBED  PHASE  FRONT 

ORIGINAL  UNPERTURBED 
PHASE  FRONT 


Fig.  2.  Two-dimensional  antenna- raCjme  geometry 
used  in  the  boresight  analysis. 


(2) 


4*  =  %  + 


3  (IPD) 
00 


(9-  Eb)2 
2! 


9  (IPD) 
003 


(9  -  9C)3 
3! 


For  a  smooth  radome,  the  second-degree  term  is  very  nearly 
symmetrical  and  therefore  does  not  contribute  a  beam-bending  phase 
slope.  In  practice,  the  first  derivative  of  the  IPD  with  respect  to 
incidence  angle  is  at  least  two  orders  of  magnitude  greater  than  the 
third  derivative.  Thus,  so  long  as  (0  -  0n)  is  less  than  about  ten  degrees, 
the  third-order  term  may  be  neglected  in  making  a  first-order  approxi¬ 
mation  to  the  linear  component  of  the  phase  slope.  * 


For  many  radome  walls,  the  first  derivative  is  three  orders  of 
magnitude  larger  than  the  third,  and  still  larger  increments  of 
incidence  angle  can  be  tolerated  in  the  approximation. 
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Thus,  the  first-order  approximation  of  the  linear  phase  taper 
introduced  across  the  aperture  by  the  radome  is  given  by 


(3) 


(0U"  elJ  • 


Reference  to  Fig.  2  shows  that  we  can  approximate  the  new  i  earn 
direction,  y  (the  beam-bending  angle),  by  considering  the  original  aperture 
to  have  the  linear  phase  taper  across  it.  Adopting  this  approach,  we 
find 

(4)  tan  y  =  _ ,  Ai}j  in  radians; 

2ir  \ 

(5)  tan  y  =  in  Agrees  . 

360  J? 


The  beam-bending  angle  is  rarely  greater  (for  practical  radomes) 
than  a  few  degrees  and  we  can  therefore  replace  tan  y  by  y.  By  using 
the  expression  for  Aijj  in  degrees  we  have,  then, 


(6)  y  =  -  ,  y  in  radians. 

360  D 

If  we  rewrite  the  beam-bending  boresight  error  as  mbb  *n  milliradians 
(1  radian  =  I03  milliradian),  we  find 


(7)  mbb  =  yX  IQ3  =2.78  ^ 


But,  using  Eq.  (3)  in  Eq.  (7),  we  get 


(8) 


2.78 
mbb=  -57^- 


9(IPD) 

0  e 


(eU  “  ql)  * 
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In  Eq.  (8)  (0jj-  QjJ  is  in  degrees  (see  Fig.  2),  9(IPD)/30may  be  in 
degrees/ degree  or  radians/ radian,  and  mbb  is  in  milliradians.  A 
positive  error  is  directed  toward  the  beam  axis  of  Fj(<j>)  and  a  negative 
error  toward  F2($). 


b.  Differential  attenuation  boresight  error 


The  crossover  point  of  two  identical,  squinted  beams  determines 
the  boresight  direction  observed  by  an  amplitude  radar.  Attenuation  of 
one  beam  relative  to  the  other  will  clearly  change  the  angle  at  which 
the  two  beams  have  equal  amplitude.  If  intially  identical  beams  are 
squinted  through  an  angle  5,  as  shown  in  Fig.  3,  we  have,  if  F{<?)  is  an 
even  function. 


(9) 


Fi(6)  =  F(9  -  5/2) 
-  F2(9)  =  F(9+  5/2) 
F(9)  =  F(-6) 


Fig.  3.  Squinted  beam  geometry. 
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The  unperturbed  boresight  direction  is  given  by 


Fi(«j>)  -  F2(<j>)  =  F{4>  -  6/2)  -  F($  +  6/2)  =  0  . 

If  an  amplitude  perturbation  factor,  <2,  is  inserted,  the  perturbed  bore- 
sight  direction  (crossover  point)  is  given  by 


(10)  C  F(^>  -  6/2)  -  F(4>  +  6/2)  =  0. 


In  practice,  o.  is  not  very  different  from  unity  and  the  boresight  errors 
are  small  enough  so  that  they  can  be  quite  closely  approximated  using 
straight  line  representations  of  F x(4>)  and  F2(9)  at  the  crossover  point. 

If  s  is  chosen  to  be  the  positive  slope  of  Fi($)  at  §  =  0  (original  cross-over 
point),  then  near  $  =  0,  we  have. 

Fx(<i>)  =  F0  +  s  4> 

(ID 

F2(9)  =  Fo  -  s 

where  Fg  is  the  amplitude  level  at  which  the  patterns  cross.  Using 
Eq.  (11)  in  Eq.  (10),  we  get  the  following  equation  for  the  new  bore¬ 
sight  direction: 

a(F0  +  s<j>0)  -  (F0  -  s<j>0)  =  0  , 


which  gives  for  <j>o,  the  new,  apparent,  boresight  direction 


(12)  <j>0  (1  +  a)s  =  F0(l  -  a) 

F0  1  -  a 
^°  =  s  1  +  a 


3y  restricting  our  concern  to  small  boresight  errors  we  are  able 
to  consider  only  those  values  of  O.  such  that  0.  9  <  0t  <  1.1.  For  ct  in 
this  range,  the  following  approximation  is  within  5%  : 
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1-a 

1+a 


1-a 

2 


Thus,  for  small  boresight  errors,  the  new  boresight  location,  $o» 
is  given  by 


(13) 


4>0  =  (1  -  CL) 


Fo 

2s 


If  we  put  4>0  in  milliradians  and  re-label  it  ma,  and  put  s  in  units 
per  milliradian,  we  can  write  the  following  for  the  boresight  error  re¬ 
sulting  from  differential  attenuation: 


(14) 


ma=  (1  -  a) 

C.S 


The  perturbation  (attenuation)  factor  a  is  related  to  the  variation 
of  transmission  coefficient  by  the  following  discussion. 

Let  be  the  average  incidence  angle  for  beam  1,  %  that  for  . 
beam  2,  and  0AVG  the  average  of  the  two.  Write  the  magnitude  of  the 
transmission  coefficients  of  the  respective  beams  as  follows: 

(15)'  |  Til  =  |t(0aVG)I  +|f  !  -0AVG> 

0AVG 

,  92_T  (01-&AVG)2 

ae?  — T\ -  +  *  *  ‘  * 

gavg 

and 


(16) 


t2|  =  lT(eAVG)!+|| 


a2  t 
"ae2 


(ei  -  0avg) 
gavg 
(8e-0AVG>2 


2! 


+  • 


i  •  * 


0 


AVG 
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Neglecting  second-order  terms  and  higher,  and  subtracting  Eq.  (15) 
from  Eq.  (16),  we  find 


a|t|  =  |t2|  -  I  Til  =  |t2|  (1  -  a) 


A  |  T|  =  - 

ae 


(8i-%) 


eAVG 

The  result  for  (1  -  a)  is,  therefore. 


(17) 


(1  -  a)  = 


3T 

90 


(%-%)  • 


6AVG 


Using  Eq.  (17)  in  Eq.  (14),  we  obtain  the  result  for  the  boresight  error 
due  to  differential  attenuation 


(18) 


1 

|T2| 


(8i-%)  , 


where 


Fo  =  normalized  nominal  cross-over  amplitude; 

s  =  positive  slope  of  the  individual  patterns  at  4*  =  8 
[  F(<{>)  =  Fo]  in  units  per  milliradian;  and 

(%  -  % )  is  consistent  in  units  with  9  |  T |  / 30  and  %  is  the  average 
incidence  angle  of  beam  1  and  %  that  of  beam  2. 

The  total  first-order  boresight  error  for  an  amplitude  comparison 
radar  (monopulse  or  multipulse)  is  thus  given  by 


(19) 


m 


2.78  d(IFD) 

d/x  d0 


I  teu-eL>-  77 


dj  T 
d0 


where  all  the  symbols  are  defined  in  the  text  just  after  Eq.  (8)  and  Eq.  (18). 
The  partial  derivatives  have  been  replaced  by  the  regular  derivatives  since 
this  is  the  notation  used  in  the  curves  of  Appendix  A. 


The  presence  of  two  terms  in  Eq.  (19)  provides  for  the  possibility 
of  one  term  reducing  or  even  cancelling  the  other.  More  is  said  later 
about  the  significance  of  this  so-called  cancellation  design. 


B.  Phase  Comparison  Track  Radars 
1 .  Theory  of  operation 

A  track  radar  using  phase  comparison  is  inherently  a  monopulse 
radar  since  the  required  coherency  of  the  electromagnetic  waves  can 
be  obtained  only  within  a  single  pulse.  An  in-plane  phase  monopulse 
radar  uses  two  side-by-side  parallel-directed  antennas  as  shown  in 
Fig.  4. 


INCIDENT  PLANE 
RADAR  WAVE 


B0RES1GHT  AXIS 


Fig.  4.  Sum  and  difference  network  for  phase  monopulse. 


The  steering  information  in  a  phase  monopulse  radar  is  also 
obtained  from  the  monopulse  ratio  which  is  given  by 


(20) 


•  Ad.  ' 

)  -j(k|«in  +  +  |) 

+  e  N 

_  A 

.(d  \ 

(  d  .  A 

2 

J  ^k  2  sin 

-jlk  ^  sin  4>J 

+  e 


where  d  is  the  phase  center  spacing  and  k  is  the  free-space  propagation 
constant,  2tr/X.o  •  The  monopulse  ratio  reduces  to, 


(21) 


r(4>)  = 


cos 


cos 


("  To sin  *  + 1)  (  d 

V*  u 


(’S7  sin  *) 


-=  -  tan 


sin  «)> 
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Equation  (21)  gives  the  response  of  an  ideal  phase  monopulse  ..adar. 
r(4>)  contains  all  the  steering  information  necessary  to  position  the  antenna 
so  that  the  target  is  in  the  null.  If  non-ideal  conditions  prevail,  such  as 
non-identical  patterns  or  existence  of  an  extraneous  relative  retardation 
in  phase,  the  character  of  rt?)  will  be  altered  and  the  system  performance 
changed. 


2,  Phase  comparison  boresight  error 

If  the  functional  form  of  the  antenna  patterns  remains  the  same, 
the  effect  of  reduction  of  the  amplitude  of  one  beam  with  respect  to  the 
other  is  to  fill  in  the  null  of  the  monopulse  ratio  but  not  to  change  the 
position  of  the  minimum  of  r(4>).  Hence,  differential  attenuation  does 
not  result  in  boresight  error  for  a  phase  monopulse  radar. 

The  effect  of  an  extraneous  phase  shift,  however,  is  another  story. 
If  such  a  relative  phase  shift,  q,  exists,  advancing  antenna  2  relative  to 
1,  it  must  be  included  in  the  exponentials  of  Eq.  (20).  r^)  then  becomes 

/  d  n 

(22 }■  r(4>)  =-  tan  sin  <j>  -  j 

Hence,  when  such  a  phase  advance  exists,  the  electrical  bore¬ 
sight  direction  [r(<j>o)  =  0]  is  obtained  from  Eq.  (22)  as 


(23) 


sin  4>o  = 


2rr 


In  Eq.  (23),  <j>o  is  the  boresight  error.  In  practice,  $0  is  small  and 
Eq.  (23)  can  be  written 


(24) 


4*o  - 


2tt 


X-o 


In  Eq.  (24),  <f><j  and  q  are  in  radians.  A  more  convenient  expression 
gives  4>o  (re-labeled  m)  in  milliraaians  and  r|  in  degrees: 
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(25) 


m  =  2, 78 


d/X.0 


For  the  case  of  a  radome  in  place  over  the  phase  monopulse 
radar,  a  phase  error  of  the  type  described  above  can  be  introduced  by 
a  difference  in  insertion  phase  delay  through  the  radome  for  the  two 
antennas.  If  4*o  is  the  insertion  phase  delay  (IPD)  at  the  average  angle 
of  incidence  for  the  two  antennas,  the  average  IPD  for  the  individual 
antennas  can  be  expressed  as  follows: 


(26) 


4*2  = 


*0  +  |4 

Y  80 


(02-  eAVG) 


(e2  -  eAVG)J 
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To  find  the  relative  phase  advance  of  antenna  2  relative  to  antenna 
1,  Eq.  (26)  is  subtracted  from  Eq.  (27)  and  only  the  first-degree  terms 
are  retained: 


(28)  n  =  4>1  -  4*2  = 

90 
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01  is  the  average  incidence  angle  for  antenna  1  and  %  that  for  antenna  2, 
The  first-order  formula  for  boresight  error  in  a  phase  monopulse  radar 
is,  therefore, 
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m  =  boresight  error  in  iViilli radian, 

=  difference  in  average  angle  of  incidence  seen  by 
the  two  antennas  in  degrees,  and 

d/Xo  =  phase  center  separation  of  the  two  antennas. 

ni.  BORESIGHT  ERROR  PREDICTION 

Approximate  equations  are  derived  in  Section  II  for  the  boresight 
error  of  a  streamlined  two-dimensional  radome.  The  predictive 
potency  of  these  equations  for  a  three-dimensional  radome  is  not 
expected  to  be  great  although  reasonable  predictions  should  be  expected, 
at  least  away  from  the  nose  region.  Pressel  has  pointed  out  that 
application  of  two-dimensional  analysis  to  three-dimensional  radomes 
gives  surprisingly  good  results.  In  any  case,  justification  of  Eqs.  (8) 
and  (18),  specifically,  will  be  attempted  by  predicting  the  boresight 
error  of  two  radomes  for  which  the  boresight  error  has  been  reported. 
Both  radomes  in  question  house  amplitude  comparison  radars. 

In  Eq.  (8),  the  value  of  D/X o  used  for  the  calculations  is  that  of 
an  equivalent  uniformly  excited  circular  aperture  having  the  same  3  dB 
beamwidth  as  the  actual  antenna.  Use  of  this  "equivalence"  is  appro¬ 
priate  since  the  low-amplitude  tapers  at  the  edge  of  the  aperture  con¬ 
tribute  very  little  to  formation  of  the  main  beam  (the  region  of  interest 
in  boresight  analysis)  but  act  largely  to  inhibit  sidelobe  development. 

The  equations  of  Section  II  were  derived  for  a  smoothly  varying 
radome  wall.  Application  of  the  beam  bending  equation  (Eq.  (8)) 
to  the  nose  region  of  a  radome  involves  a  rather  arbitrary  method  of 
averaging.  At  the  look  angle  such  that  one-half  the  equivalent  aperture 
has  its  rays  symmetrically  disposed  about  the  nose  (as  shown  in  Fig.  5) 
the  beam  bending  boresight  error  is  computed  using  the  following 
qualitative  technique  .  J.t  is  noted  that  the  half-aperture  looking  through 
the  nose  has  a  nearly  symmetrical  incidence  angle  distribution;  the  beam 
of  this  half  aperture  will  therefore  experience  no  bending.  This  result 
is  interpreted  as  being  equivalent  to  a  constant  incidence  angle  of  zero 
degrees  for  this  half.  The  average  incidence  angle  for  the  ether  half 
aperture  is  found.  Then  the  average  incidence  angle  of  the  averages  of 
the  two  half-apertures  is  found  and  used  for  (0{j"  6j_,)  in  Eqs.  (8)  and  (19). 
This  amounts  to  using  one-half  the  average  incidence  angle  of  the  upper 
half  aperture  (see  Fig.  5)  for  (0jj-  ^L.) 
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Fig.  5.  Antenna  with  one-half  its  aperture  symmetrically 
disposed  about  the  radome  nose. 


For  the  radomes  studied  here,  the  average  incidence  angles  for 
the  two  squinted  beams  (used  in  computing  the  differential  attenuation 
error)  are  taken  from  the  averages  of  three  rays  for  each  beam.  These 
average  angles  are  recorded  as  %  and  %  directly  for  beams  1  and  2. 

* 

A.  Radome  1,  First-Order  Prediction 


This  radome  is  a  half-wave  plastic  (c  =4.3)  radome  with  a  2.1:1 
fineness  ratio.  It  houses  a  conical  scan  antenna  which  has  a  half-power 
beamwidth  of  4.6°  in  both  principal  planes.  The  antenna- radome  geometry 
is  shown  in  Fig.  6. 

The  modified  aperture  is  found  from  the  formula  for  the  3  dB  beam- 
width  of  a  uniform  circular  aperture  as  follows: 

63dB=37 Y  degrees  =  4.6° 


and 


A  good  discussion  of  a  more  rigorous  approach  to  predicting  the  bore- 
sight  error  of  this  radome  is  included  in  reference  6  in  addition  to  the 
experimental  data. 
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Crossover  occurs  for  Fo  =  0.707.  Insertion  of  these  values  and  appro¬ 
priate  nominal  values  of  j  T !  in  the  differential  attenuation  portion  of 
Eq.  (19)  gives,  for  the  total  boresight  error, 


d 
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d  1  T 1 

f  rs 

E- plane 

(32) 

m  =  (.217)(VeL)  —  (IPD)-. 
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27.1 
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t  (%-%>  JeT|  J 
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In  Eq.  (32)  the  upper  multiplier  is  used  for  the  E-plane  (parallel  polari¬ 
zation)  and  the  lower  multiplier  is  used  for  the  H-plane  (perpendicular 
polarization) . 

The  particular  radome  to  be  analyzed  is  radome  Z-  2i  of  Reference 
6.  This  radome  is  0.39  inch  thick  and  is  used  at  a  wavelength  of 
k0  =  1.344  inches.  Thus  d/\o  =  0.29.  If  the  wall  material  were  of 
e  =  4.0  material,  the  operating  point  on  Figs.  16  and  17  (Appendix  A) 
would  be 


A%  = 


-  1 

.2767 


X  100  =  +  4.8%  . 


Because  the  dielectric  constant  is  slightly  different  from  4.0,  the  oper¬ 
ating  frequency  point  must  be  adjusted  by  the  per  cent  change  in  ^  as 
discussed  in  Appendix  B.  This  additional  change  is  found  to  be 


A:% 


^d-^/4  v 

- —  A 

n/4 


100 


.074 
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X  100  -  +  3.7%  . 


Thus  the  final  operating  point  is 


A%  =  4.8%  +  3.7%  =  8.5%  . 


Table  I  gives  the  boresight  error  data  calculated  for  this  radome, 
using  Eq.  (32)  with  measured  incidence  angles  from  Fig.  6  and  data 
from  Figs.  16  and  17  at  the  +  8.5%  operating  point. 

Figure  7  shows  the  experimentally  measured  results  for  Radome 
Z  -  2i  and  the  first-order  prediction  of  Eq.  (32).  The  predicted  error 
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Fig.  7  .  Experimental  and  first-order  predicted  borosight  orror  curvos. 
(Radome  Z-2i,  Ref.  6,  +8.5%  point  on  Figs.  16  and  17) 


for  parallel  polarization  agrees  quite  reasonably  with  the  experimental 
results;  consequently  the  lack  of  agreement  for  perpendicular  polari¬ 
zation  is  surprising. 

The  poor  prediction  for  perpendicular  polarization  probably  is  a 
consequence  of  the  approximate  nature  of  the  prediction,  especially  in 
the  nose  region,  and  of  physical  tolerances  in  material  uniformity  and 
thickness  in  the  radome.  The  low  measured  boresight  error  suggests 
that  the  radome  was  operating  at  a  point  such  that  the  beam-bending  and 
differential  attenuation  errors  nearly  canceled.  Reference  to  Fig.  16 
shows  that  if  the  operating  point  were  at  -3%,  the  magnitude  of  d|  T|/d8 
would  be  large  enough  to  offset  the  effect  of  d{IPD)/d0.  This  observation 
is  verified  by  the  computed  boresight  data  given  in  Table  II  for  operation 
at  the  - 3 %  point.  (Note  the  change  in  the  nominal  value  of  |  T|  for  per¬ 
pendicular  polarization.)  Figure  8  shows  the  graphical  comparison  of 
these  results  with  the  measured  performance.  The  agreement  for 
parallel  polarization  is  very  good  and  that  for  perpendicular  quite  rea¬ 
sonable. 

These  results  point  out  several  pertinent  factors.  The  radome  is 
very  probably  operating  in  a  "cancellation"  mode,  thus  justifying  the 
form  of  Eq.  (19)  and  indicating  that  loss  can  be  a  significant  factor  in 
boresight.  Radome  performance  for  perpendicular  polarization  is  more 
sensitive  to  variation  of  the  radome  parameters  than  for  parallel  polariz- 
zation.  The  off-nose  predictions  for  parallel  polarization  were  quite 
good  for  both  .erating  points,  suggesting  that  the  beam-bending  formu¬ 
lation  may  be  better  than  the  differential  attenuation  approximation  (which 
was  more  or  less  negligible  in  the  parallel  polarization  computations). 

The  overall  results  of  Eq.  (19)  are  good  when  one  considers  the  possi¬ 
bility  of  tolerance  slippage  (in  the  radome  tested)  and  the  arbitrary 
method  of  calculating  nose  region  error. 


Correspondence  with  G.  Tricoles  (author  of  Reference  6)  elicited  the 
comment  that  the  unusual  (non- symmetric)  experimental  results  for 
perpendicular  polarization  were  probably  caused,  in  part,  by  experi¬ 
mental  error  and  in  part  by  physical  displacement  of  the  curve  down¬ 
ward.  Mr.  Tricoles  was  furnished  the  data  by  another  organization. 
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B .  Radome  2,  First-Order  Prediction^ 


This  radome  is  a  half-wave  wall  of  fiberglass-polyester  (c  ^4.0) 
construction  designed  to  operate  over  the  frequency  range  of  16.5  GHz 
±3%.  The  radome  houses  a  conical  scan  radar  antenna  which  is  linearly 
polarized  and  has  a  half-power  beam  width  of  5°  .  The  radome  wall 
thickness  is  a  uniform  0.180  inch.  The  antenna- radome  geometry  is 
shown  in  Fig.  9.  The  equivalent  aperture  dimension  for  use  in  Eq.  (8) 
is  again  found  from  the  formula  for  the  half-power  beam  width  of  a 
uniformly  illuminated  circular  aperture  (03dB  =  $°  in  this  case): 


5° 


58.9° 

D/X 


D/X 


58.9 

5° 


11.8  . 


Then*  using  this  value  of  D/X  in  Eq.  (8),  we  find 

(33)  mbb  =  0.236  (Gy-  0L)~  (IPD)  . 

We  assume  that  the  crossover  points  of  the  antenna  occur  at 
Fq  =  0.707  and,  in  Eq.  (18),  use  the  slope  at  the  half-power  point  of  a 
uniformly  illuminated  line  source  with  D/X  =  11.8.  The  slope  of  the 
amplitude  pattern  of  a  uniform  line  source  at  the  half-power  point  is 
given  by 


(34)  s  =  (1.19)  —  X  10"3  units  /  mrad. 

X 

In  this  case  we  hav* 

s  =  14.03  X  10-3  units/mrad. 

Use  of  Fo  and  s  (given  above)  in  Eq.  (18)  gives  for  the  differential 
attenuation  boresight  error  formula 
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JT2I  is  nominally  0.92  for  the  incidence  angles  here, 
for  the  total  boresight  error  is,  therefore. 


The  final  result 
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Radome  2,  antenna-radome  geometry 


(35) 


I 

m  =  (.Z36)[Qu-bh)A(ipD)  .  27,4  (0i-e2)4~- 

db  de 

The  dielectric  constant  is  assumed  to  be  €  =  4.0,  so  Figs.  16  and 
17  are  directly  applicable,  and  no  correction  for  dielectric  constant  is 
necessary.  The  per  cent  frequency  point  is  found  as  follows: 


d  =  .180 
\  .716 


0.251 


and 


A%  = 


X  100  =  -  9.4%  . 


Table  III  presents  the  boresight  data  for  this  radome  and  Fig.  10 
shows  the  experimental  results  and  first-order  predictions  from  one 
quadrant  for  each  polarization.  The  agreement  is  again  reasonable. 


IV.  RADOME  DESIGN  FOR  MINIMUM 
BORESIGHT  ERROR 

Boresight  design  is  discussed  for  the  two  principal  types  of  track 
radars . 


A.  Phase  Monopulse  Boresight  Design 

The  first-order  theoretical  boresight  equation  (Eq.  (29))  is 
rewritten  as 


2.78  3{IPD)  * 

(36)  mp  =  i7r  -80— ie‘-e'-)  ’ 

where 

mp  =  boresight  error  in  mrad, 

d/\  =  phase  center  separation  of  antennas  1  and  2, 

6j  =  average  incidence  angle  of  beam  1  (antenna  1),  and 

02  =  average  incidence  angle  of  beam  2  (antenna  2) 

(see  Fig.  4). 
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TABLE  111 


Boresight  design  and  correction  £or  a  radome  housing  a  phase 
monopulse  radar  thus  reduces  to  minimization  of  3(IPD)/3u. 


Polarization  control  for  this  type  of  radar  would  undoubtedly 
reduce  the  boresight  error  for  a  constant -wall  radome.  For  thin  walls 
and  sandwiches,  parallel  polarization  is  preferred;  for  half-wave  walls 
(and  the  two-layer  investigated  here)  perpendicular  polarization  would 
give  less  boresight  error.  Perpendicular  polarization  designs  can  be 
expected  to  have  smaller  bandwidth  than  parallel  designs. 


B,  Amplitude  Comparison  Boresight  Design 

The  first-order  theoretical  boresight  equation  (Eq.  (19))  is  re¬ 
peated  below: 


where 


=  boresight  error  in  mrad; 

=  incidence  angle  of  a  ray  emanating  normally  from 
the  upper  edge  of  the  aperture,  similarly  for  ^L 
(lower); 

=  normalized  nominal  crossover  point  of  squinted 
beams  1  and  2; 

=  average  incidence  angles  of  beams  1  and  2; 

=  aperture  dimension  (of  equivalent  uniform 
aperture);  and 

=  slope  of  the  amplitude  pattern  at  crossover  in 
units /mrad  . 


01,  0a 


For  an  amplitude  comparison  radar,  the  problem  of  boresight  design 
is  one  of  designing  for  the  best  balance  between  3(IPD)/30and  3  |  T  j / 30  .  A 
radome  wall  may  be  designed  such  that  the  d(IPD)/ d0  error  and  the  d|  t|  / d0 
error  are  nearly  equal  in  magnitude  and  opposite  in  sign.  Such  a  cancellation 
design  is  exemplified  by  the  perpendicular  polarization  results  in  Table  II 
and  shown  in  Fig.  8, 
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For  constant-wail  radomes  a  cancellation  design  should  be  the 
goal.  It  is  interesting  that  the  magnitude  of  d/  d&  |  T|  becomes  sufficiently 
large  (and  negative)  for  a  cancellation  design  only  for  high  angles  of 
incidence,  i.e.,  about  60°  to?0°. 

Cancellation  designs  are  possible  at  high  incidence  angles  for  both 
polarizations  for  fiberglass  (e  =  4)  thin  walls  and  for  all  the  sandwiches 
reported  in  Appendix  A.  For  the  ceramic  («  =  9)  thin  wall  and  the  half¬ 
wave  and  two-layer  walls  studied,  good  cancellation  can  be  obtained  only 
for  perpendicular  polarization.  The  bandwidth  of  effective  cancellation 
for  perpendicular  polarization  is  considerably  smaller  than  for  parallel; 
therefore,  maintenance  of  parallel  polarization  in  conjunction  with  a 
cancellation  design  (for  those  wall  structures  which  allow  it)  should  allow 
good,  broadband  boresight  performance.  For  the  high  dielectric  thin  wall 
and  the  half-wave  radomes,  a  good  cancellation  design  over  a  few  per  cent 
band  could  be  attained  by  maintaining  perpendicular  polarization. 

For  lower  angles  of  incidence,  the  magnitude  of  d }  T 1  / 3 0  is  generally 
small  and  a  good  boresight  design  results  if  one  designs  for  a  minimum 
value  of  d(IPD)/d0. 


C.  General 


In  addition  to  simply  designing  a  constant-wall  radome  to  minimize 
d(IPD)/d0or  to  balance  d(IPD)/d@and  d  |  t|  / d0  effects,  it  is  possible  to 
design  a  varying  wall  structure  to  approximate  a  desired  value  of  either 
derivative . 

If  one  were  designing  for  a  phase-monopulse  or  low  incidence  angle 
amplitude  comparison  radar,  he  could  design  a  tapered  wall  for  a  con¬ 
stant  IPD  over  the  incidence  angles  of  the  antenna  rays  (normals  to  the 
aperture)  so  that  the  effective  d/d0(IPD)  would  be  small.  For  example, 
to  reduce  the  beam-bending  error  at  a  particular  look,  one  could  elect 
to  taper  the  radome  so  that  the  IPD's  are  the  same  for  all  antenna  rays. 

In  this  case,  physical  points  on  the  radome  would  correspond  to  particu¬ 
lar  incidence  angle  values.  A  constant  IPD  line  (horizontal  line)  is  drawn 
on  the  IPD  curves.  The  per  cent  frequency  change  from  the  intersection 
of  the  horizontal  line  with  the  IPD  curves  for  two  incidence  angles  is 
exactly  the  necessary  per  cent  change  in  d/X  for  each  layer  of  the  wall 
between  the  corresponding  points  on  the  radome. 

The  concept  of  a  cancellation  design  may  have  more  utility  as  a 
correction  technique  than  as  a  design  tool.  For  some  wall  structures  a 
fairly  nominal  increase  in  value  of  d  |  T 1  / d0  i s  needed  to  significantly 
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reduce  the  boreslght  error.  Study  may  reveal  methods  of  designing 
uniform  lossy  layers  for  a  required  value  of  d  |  T  J  / d0 .  Another  approach 
to  utilizing  loss  directs  itself  to  consideration  of  the  high-error  region 
near  the  radome  nose.  If  the  boresight  error  is  positive  (away  from  the 
nose)  then  attenuation  of  the  beam  closer  to  the  nose  will  reduce  the 
error.  If  loss  is  added  at  the  nose  and  tapered  to  zero  at  the  base,  the 
beam  passing  predominantly  through  the  nose  region  will  be  relatively 
attenuated  and  the  boresight  error  will  be  reduced.  Lossy  paint  or  tape 
could  be  used  on  the  interior  of  a  radome  to  achieve  such  a  nose-to-base 
loss  taper.  The  curves  of  Appendix  A  serve  to  indicate  how  one  should 
proceed  in  applying  loss  to  design  or  correction  problems. 

Polarization  control  would  be  very  effective  in  some  circumstances, 
although  neither  polarization  is  preferred  in  all  cases.  Excellent  band¬ 
width  properties  are  indicated  for  radomes  with  parallel  polarization  only, 
i.e.,  little  variation  of  the  electrical  properties  of  the  wall  with  change 
in  frequency  or  wall  thickness  is  indicated.  Thus,  relaxation  of  tolerance 
and  corresponding  cost  reduction  are  anticipated  by-products  of  main¬ 
tenance  of  parallel  polarization  only. 

An  example  of  radome  design  utilizing  the  above  ideas  follows. 


D.  Example 


Suppose  the  radome  for  which  the  incidence  angle  data  are  given  in 
Table  I  (Radome  Z  -  2i  of  Reference  6)  were  designed  as  a  fiberglass 
sandwich,  one  for  which  Figs.  22  and  23  are  applicable.  It  is  observed 
that  a  relatively  large  negative  value  of  d|  T|/d0  could  be  realized  for 
both  polarizations  by  designing  at  the  -4%  frequency  point  for  this  sand¬ 
wich.  Table  IV  gives  the  calculated  first-order  boresight  error  for  this 
case  and  the  results  can  be  compared  with  those  of  Table  II  for  a  good 
compromise  half-wave  wall  design.  The  sandwich  gives  a  predicted  peak 
error  3  mrad  less  for  parallel  polarization  and  3  mrad  more  for  per¬ 
pendicular  (although  the  peak  perpendicular  error  is  still  only  3.9  mrad). 

With  the  artificial  introduction  of  loss  to  give  an  increase  in  value 
of  d[  T|/d0  of  about  0.02  unit  per  degree  for  the  5°  position  of  the  antenna, 
the  error  at  this  look  could  be  reduced  to  about  2.1  mrad  for  parallel 
polarization  and  1.1  mrad  for  perpendicular.  Since  the  "down"  beam  locks 
more  through  the  nose  region  than  the  "up"  beam,  gradation  of  loss  from 
the  nose  backward  would  undoubtedly  help  in  this  case,  and  perhaps  reduce 
the  nose  region  error  nearly  to  zero. 
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Polarization  control  itself,  without  IPD  tapering  or  introduction  of 
loss,  can  provide  a  very  good  boresight  design  for  this  radome  geometry. 
If  one  designs  a  ceramic  sandwich  structure  (such  as  that  shown  in  Figs. 
26  and  27)  at  the  zero  per  cent  point  and  maintains  parallel  polarization, 
a  good  cancellation  design  is  the  result.  The  predicted  boresight  error 
as  tabulated  in  Table  V  is  quite  low. 

Figure  11  compares  the  first-order  predicted  boresight  error  of 
Radome  Z  -  2i  of  Reference  6  for  the  following  wall  structure: 

(1)  non-tapered  low-loss  fiberglass  sandwich, 

(2)  the  same  sandwich  as  (1)  with  a  /pothetical  d|T{/d0 
artificially  introduced  (0.02  unit/deg  at  the  5°  position),  and 

(3)  non-tapered  low-loss  ceramic  sandwich  designed  for  parallel 
polarization  only. 

V.  CONCLUSIONS 

A  first-order  theory  of  radome  boresight  error  is  developed  and 
applied  to  boresight  prediction  and  design.  Boresight  error  predictions 
for  two  radomes  with  known  (measured)  errors  were  sufficiently  accurate 
to  justify  application  of  the  theory  to  design  problems. 

The  first-order  boresight  error  was  shown  to  be  of  the  following 
form  for  the  two  basic  types  of  track  radar: 

(1)  Phase  comparison:  m  =  cj  d/d0(IPD)  and 

(2)  Amplitude  comparison:  m  =  c2  d/d0(IPD)  +  C3d|T)/d9, 

where  m  is  the  boresight  error  in  mrad,  0  is  the  incidence  angle,  IPD 
is  the  insertion  phase  delay,  and  |  T !  is  the  magnitude  of  the  amplitude 
transmissio  l  coefficient. 

Radome  design  curves  are  included  which  give  |t|2,  IPD, 
d/d0(ip£))t  and  d/ d0  |  t|  for  several  important  radome  wall  structures 
over  a  +  20%  frequency  band. 

A  "cancellation"  boresight  design  is  shown  to  be  possible  wherein 
the  radome  wall  design  is  chosen  so  that  for  amplitude  comparison  radars 
the  errors  resulting  from  d/d0(IPD)  and  d/d0  |  T|  are  nearly  equal  in 
magnitude  but  opposite  in  sign.  The  result  is  very  low  boresight  error. 
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Extension  of  the  cancellation  design  concept  to  artificial  introduction  of 
loss  is  discussed. 


Polarization  control  is  found  to  be  desirablei  although  the  choice 
of  polarization  depends  on  the  radar  and  radome  types.  Parallel  polari¬ 
zation,  as  shown  by  the  design  curves,  is  capable  of  much  greater  band- 
widths  of  performance  than  perpendicular.  Use  of  a  proper  radome  wall 
design  with  polarization  control  can  give  significant  reductions  in  bore- 
sight  error. 

A  design  example  is  included  which  shows  a  technique  of  design 
and  the  effect  of  polarization  control. 
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APPENDED  A 

RADOME  DESIGN  CURVES13 


Graphs  of  |  T | 2  ,  IPD,  d/ d0  |  T  j ,  and  d/d0(IPD)  versus  frequency 
for  incidence  angles  of  30°,  40°,  50°,  60°,  and  70°  are  presented  in 
Figs.  12-27  for  several  radome  wall  structures.  The  frequency  vari¬ 
ation  for  each  wall  is  ±  20%  about  the  center  frequency.  The  computation 
of  the  data  for  these  curves  proceeded  as  discussed  below. 

Preliminary  thicknesses  were  assigned  each  layer  and  one  layer 
was  varied  by  the  computer  until  maximum  transmission  was  obtained 
for  an  incidence  angle  of  60°.  The  thicknesses  for  this  condition  are 
the  design  thicknesses  and  correspond  to  the  zero  per  cent  frequency 
variation  point.  The  design  thicknesses  for  each  case  are  shown 
pictorially  on  the  figure  for  that  case. 

In  order  to  demonstrate  the  meaning  of  the  curves,  a  short  .design 
example  will  be  presented.  Suppose  one  wants  to  design  a  two-layer, 
ceramic-coated,  plastic  radome  for  maximum  transmission  at  a  40° 
angle  of  incidence  for  perpendicular  polarization  (the  relevant  graph  is 
contained  in  Fig.  20).  The  transmission  maximum  for  0=  40°  occurs 
at  a  frequency  4.5%  below  the  center  frequency;  the  thickness  for  each 
layer  should  therefore  be  0.955  times  its  thickness  at  the  zero-per  cent 
point,  the  thickness  given  in  the  illustration  in  Fig.  20.  The  design 
thicknesses  for  this  case  should  be,  then  di  =  O.OQ95\0  and  dz=  0.2495Xo. 
Extension  to  IPD,  d/d0(IPD)  or  d/d0  [  t|  design  problems  is  clear. 
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APPENDIX  B 

APPLICATION  OF  THE  RADOME  DESIGN  CURVES 
TO  RADOME  WALL  STRUCTURES  WITH  SLIGHTLY 
DIFFERENT  DIELECTRIC  CONSTANTS 

The  radoxne  wall  data  were  computed  with  frequency  as  the  inde¬ 
pendent  variable  because  of  interest  in  the  bandwidth  properties.  The 
thickness  in  wavelengths  of  a  given  layer  is  dnA-o  and  a  given  per  cent 
change  in  dn  can  be  shown  to  be  equivalent  to  the  same,  but  independent 
per  cent  change  in  frequency  as  follows: 


The  phase  factor  of  any  given  layer  of  a  multilayer  is 
?dn  =  2*  J  pn<n  -  sin2  6  , 

where  pn  and  en  are  the  relative  constants  of  the  layer  and  9  is  the  angle 
of  incidence  of  a  plane  wave  on  the  multilayer.  Let  pn  =  1  and  estimate 
the  effect  of  an  increment  in  en  by  ignoring  sin2  9  relative  to  «n*  Then, 
to  establish  an  equivalence  between  a  change  in  dn  (and  therefore  the 
frequency)  and  a  change  in  eR,  independent  of  each  other,  we  write 


Thus,  a  small  per  cent  change  in  is  approximately  equivalent 
to  the  same  per  cent  change  in  frequency  on  .he  design  curves  (approxi¬ 
mate  because  sin2  9  and  the  effect  of  a  change  in  £n  on  the  interface 
reflections  were  neglected). 

Thus,  if  the  performance  of  a  multilayer  with  given  dimensions  is 
known  at  one  value  of  Af/f  and  it  is  required  to  find  that  for  a  given  per  cent 
change  in  the  square  root  of  the  dielectric  constant  of  each  layer,  it  is 
necessary  only  to  change  the  frequency  by  the  same  percentage  and  make 
the  observation. 
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